ORIGINAL RESEARCH
Objectives-We aimed to determine the accuracy of sonographic formulas for estimating birth weight in twin pregnancies.
Methods-We conducted a retrospective cohort study of consecutive twin pregnancies undergoing sonography at within 1 week of delivery. Pregnancies were included if biometric measurements and birth weight were available and excluded if anomalies were present. Estimated fetal weight was calculated using three sonographic formulas: two derived from singletons (Hadlock and Shepard) and one from twins (Ong) . The correlation between estimated fetal weight and birth weight was determined using the Pearson correlation coefficient. The accuracy of each formula (bias) was assessed using the mean percentage error [(estimated fetal weight -birth weight)/birth weight × 100], and the precision (random error) was estimated from the standard deviation of the percentage error. The screening efficiency of each formula for intrauterine growth restriction, defined as below the 10th percentile on the Alexander growth standard, was assessed. The effect of twin presentation was determined using a paired analysis.
Results-Of 1744 consecutive twin pregnancies, 270 (540 infants) met inclusion criteria. The estimated fetal weight of all 3 formulas strongly correlated with the birth weight (Pearson r = 0.90 for Hadlock, 0.87 for Shepard, and 0.92 for Ong). Each formula had similar sensitivity (65%-70%) and specificity (85%-90%) for intrauterine growth restriction. For each formula, the correlation coefficient was similar between twins A and B (Pearson r = 0.85-0.93); however, the estimated fetal weight for twin A tended to underestimate birth weight, whereas the estimated fetal weight for twin B tended to overestimate birth weight.
circumference are of particular concern, as the breech presentation, relatively common in twins, is associated with dolichocephaly and decreased accuracy of estimated fetal weight. 2, 3 Consequently, formulas derived from singleton populations, which rely heavily on head measurements, may perform less well in twins by magnifying the effects of an inaccurate or difficult to obtain head measurement. In fact, one study found that two commonly used singleton formulas have reduced sensitivity for detecting growth restriction in twin gestations. 4 A formula derived from twin gestations, which relies more on the easily obtained femur length, may have improved accuracy and superior detection of fetal growth restriction. Therefore, we aimed to evaluate the accuracy of several commonly used formulas for calculating sonographically estimated fetal weight in twin gestations.
Materials and Methods
We performed a retrospective cohort study of all patients who underwent routine second-trimester (15-22 weeks) sonography for an anatomic survey at a single tertiary care center. Institutional Review Board approval was obtained from the Washington University School of Medicine. Data were collected prospectively by dedicated nurses from 1990 to 2009. Each patient undergoing sonography in our center receives a standardized handout requesting information regarding pregnancy complications, delivery complications, and neonatal outcomes, to be filled out and returned after delivery. The coordinator called the patient, and in cases in which the patient could not be reached, the physician, if the form was not returned within 4 weeks of the delivery date.
Patients were included in this study if they carried a twin gestation and if sonographically obtained biometric measurements (biparietal diameter, head circumference, abdominal circumference, and femur length) were available within 7 days of delivery and if birth weight was available. Singleton gestations, intrauterine fetal death, higher-order multiple gestations, and pregnancies complicated by anomalies were excluded. All sonographic examinations were performed by trained sonographers specializing in obstetric sonography, and all sonographic examinations were interpreted by an attending physician dedicated to obstetric sonography.
Estimated fetal weight was calculated from biometric measurements using three different sonographic formulas (Table 1 ). [4] [5] [6] Two of these formulas (Hadlock and Shepard) are widely used formulas derived from singleton gestations. The third formula (Ong) was derived from twin gestations. 4 The Hadlock and Shepard formulas were chosen as representative of singleton-derived formulas because they rely on different measurements (head circumference versus biparietal diameter); the Ong formula was selected because it was derived from a twin population and, in contrast to the singleton formulas, does not rely on any cranial measurements.
Maternal and infant characteristics were evaluated using descriptive statistics. The correlation between estimated fetal weight and birth weight was determined using the Pearson correlation coefficient. The accuracy (bias) of each formula was determined by calculating the mean percentage error [(estimated fetal weight -birth weight)/birth weight × 100%], and the precision (random error) of each formula was determined from the standard deviation of the mean percentage error. The mean percentage error of each formula was compared using the Student t test. The screening efficiency (sensitivity, specificity, positive predictive value, and negative predictive value) of each formula for intrauterine growth restriction, defined as below the 10th percentile on the Alexander growth standard, 7 was assessed. Exact binomial confidence intervals were calculated for each value. In addition, a receiver operating characteristic (ROC) curve was created to describe each formula's ability to predict growth restriction after adjusting for gestational age. The ROC curves for each formula were compared using the nonparametric method described by DeLong et al. 8 Because the fetal position in the pelvis can affect biometric measurements (ie, measurement of the biparietal diameter can be difficult when the presenting part is low in the pelvis), the effect of twin order on the mean percentage error of the estimated fetal weight was determined using a paired analysis. Because the study cohort spanned a long period, the effect of the year on accuracy and preci- 
Results
Of 1744 twin pregnancies, 270 twin pregnancies (540 infants) met inclusion criteria (109 pregnancies were excluded for fetal anomalies; 192 pregnancies were excluded for undocumented birth weight of one or both infants; and 1173 were excluded for no sonography within 7 days of delivery). The maternal and infant characteristics of the included patients are listed in Table 2 ; most pregnancies delivered in the third trimester with a median sonographyto-delivery interval of 3 days.
All three formulas showed a strong correlation between the sonographically estimated fetal weight and actual birth weight (Table 3) , with Pearson r correlation coefficients between 0.87 and 0.92 and R 2 values of 0.98 or higher. Overlapping confidence intervals of the Pearson correlation coefficients indicate no difference in the correlation of the formulas with actual birth weights. The mean percentage errors of the Shepard and Hadlock formulas were similar, although the mean percentage error of the Ong formula was statistically different from that of the Hadlock formula. However, the mean percentage errors of all three formulas were within 2% of the actual birth weight, with a random error of each formula of ±13% to 15%. The random error of the Shepard formula was higher than that of the other two formulas (P < .01). The Hadlock and Ong formulas were within 10% of the actual birth weight in 67% to 69% of cases, although the Shepard formula was within 10% of the actual birth weight in only 61% of cases (P < .01 versus either the Hadlock or Ong formula).
All three formulas detected fetal growth restriction with approximately 67% to 70% sensitivity and greater than 85% specificity (Table 4 ). All three had positive predictive values greater than 65% and negative predictive values of at least 85%. Overlapping confidence intervals suggest no difference in the performance of these formulas for detecting growth restriction. In addition, we calculated the area under the ROC curve after adjusting for the gestational age at delivery. All three formulas had similar areas under the curve for predicting growth restriction (P = .58).
The correlation between the sonographically estimated fetal weight and the actual birth weight remained high for each formula when calculated separately for the presenting and nonpresenting twins ( Table 5 ). The sonographically estimated fetal weight for the presenting twin tended to be slightly lower than the actual birth weight (mean percentage error, -2.39% to -0.52%), whereas the sonographically estimated fetal weight for the nonpresenting twin tended to be slightly higher (mean percentage error, 0.44% to 3.88%), although the actual mean percentage errors were small for both twins. The precision of the Hadlock and Shepard formulas was slightly better for the nonpresenting twin compared to the presenting twin, although the differences in random error between presenting and nonpresenting twins were not statistically significant. The differences between the mean percentage errors calculated for each twin by each formula were statistically significant, although the absolute differences between formulas were small. Differences in random error were not statistically significant between formulas.
When the cohort was segregated by year of examination (1990-1999 and 2000-2009), the Pearson correlation coefficient for each formula was unchanged (data not shown). The mean percentage errors of the Shepard and Ong formulas were similar in each decade (P = .16 and .10, respectively). The mean percentage error of the Hadlock formula was different by decade (P = .01), although the absolute difference was clinically insignificant (<3%). When random error was compared by the year of examination, no statistical difference existed for the Hadlock or Shepard formulas (P = .25 and .23, respectively). The random error of the Ong formula was statistically different (P < .01) but again not clinically significant (<2%).
Discussion
All three sonographic formulas evaluated performed equally well in predicting the actual birth weight of twins and in diagnosing fetal growth restriction. Although all three formulas consistently underestimated the birth weight of the presenting twin and overestimated the birth weight of the second twin, the absolute value of the mean percentage error was relatively small for both twins. Although the Hadlock and Shepard formulas were derived from singleton populations, their use in twin gestations may be appropriate when the biometric measurements necessary to use the calculation can be obtained. Because the Shepard formula performed slightly less well in estimating the fetal weight within 10% of the actual birth weight, the Hadlock formula may be preferred. The Ong formula derived from a twin population did not perform significantly better than the Hadlock and Shepard formulas in our twin population. Although several studies have examined the most effective way to predict birth weight discordance, relatively few have evaluated the most effective formula to use to estimate fetal weight in twins. The estimated fetal weight is essential in the management of twin pregnancies; it is used to determine the mode of delivery and when or if antenatal testing is indicated. In monochorionic gestations, discordance in the estimated fetal weights can also be used to aid in the diagnosis of twin-twin transfusion. Therefore, it is crucial that the formulas used to translate sonographic measurements of fetal parts into an estimated fetal weight are accurate calculations of the birth weight, rather than magnifying the effects of difficult-to-obtain measurements in twins.
Prior studies have shown that the Hadlock formula has a higher mean percentage error in twins compared to the Ong formula. Danon et al 9 performed a case-control study showing that the Hadlock formula had a higher mean percentage error in twins than in singletons, although the mean absolute error in twins remained low at 174 g. The formula evaluated by Ong et al 4 was derived from a population of 73 twins and validated in a population of 152 twins. In this population, the Ong formula performed better than Hadlock or Shepard formula in detecting growth restriction below the 10th percentile, although there were no statistically significant differences between the Ong formula and the other formulas in the mean percentage error. In a cohort study of 283 twin pregnancies, the Hadlock formula was superior to the Ong and Shepard formulas at estimating fetal weight in twins, although the Ong formula had an mean percentage error value of less than 2%. 10 In another cohort study that examined the factors influencing the accuracy of sonographically estimated fetal weight, the Hadlock formula was found to have a mean percentage error of approximately 8%. 11 In contrast, we found that the Hadlock formula performed slightly better in our population of twins, with a mean percentage error of less than 1%, although the Ong formula had a mean percentage of error of less than 2%. Both the Hadlock and Ong formulas were similar in the percentage of time that estimated fetal weight was within 10% of the actual birth weight. The Shepard formula did not perform as well as the Hadlock or Ong formula in the percentage of cases in which the estimated fetal weight was within 10% of the actual birth weight. These findings suggest that the Hadlock formula can be used in twin gestations. This finding is important for a busy sonography or labor and delivery unit, where it may be impractical and time-consuming to change the formula used to calculate the estimated fetal weight between patients.
It was noted that the random errors, or precisions, of all formulas were 13% to 15%. This finding is similar to that in other publications about twins, suggesting that the difficulty in obtaining sonographic measurements in twins is not systematic and may lead to random errors rather than bias. 4, 9 Our study had several strengths. First, we strictly limited the sonography-to-delivery interval to 7 days or less, and most women delivered within 5 days of their last sonographic examination. This restriction enhanced the calculated accuracy of our sonographic estimations by limiting the amount of fetal growth that occurred between the sonographic examination and the birth weight measurement. Because fetal growth can be as high as 200 g per week in the third trimester, 7 or almost 10% of the infant body weight, it could be a potential source of substantial error when determining the sonographic accuracy of fetal weight. In addition, we had a fairly large sample size of 270 pregnancies and 540 infants, limiting any individual contribution to the observed mean percentage error.
One limitation of the study was that most of our patients were delivered between 33 and 36 weeks' gestation, limiting the generalizability of the study. We are unable to evaluate how well these sonographic formulas perform at substantially earlier gestations, and thus with lower estimated fetal weights, because of small numbers of these patients. However, the late second and third trimesters are the periods during which growth restriction is most likely to be diagnosed, and we are able to determine that these formulas perform well during those periods. In addition, we used a singleton growth curve for defining growth restriction, which may have led to overdiagnosis of growth restriction in a twin population; however, it is common practice to use a singleton growth curve because it generally leads to more conservative management of these highrisk twin pregnancies. 12 To accumulate a large number of twin pregnancies, our study spanned 20 years, with changes in sonographers and ultrasound technology. However, minimal differences existed in the accuracy of the estimated fetal weight compared to the birth weight over time. Finally, all sonographic examinations were performed by sonographers specializing in obstetric sonography, and all of the examinations were interpreted by attending physicians dedicated to obstetric sonography. Although this process provides high-quality images that adhere to guidelines set for obstetric sonography by the American Institute of Ultrasound in Medicine, 13 it may limit the generalizability of our findings to institutions with similar sonography practices and may not be applicable in all settings.
In conclusion, although derived from singleton populations, the Hadlock and Shepard formulas performed well in estimating the fetal weight of twins. The use of these formulas may be appropriate even in twin gestations as long as the biometric measurements necessary for the calculations can be obtained. The use of a formula specific to twin gestations may not be necessary to improve the sonographic estimation of fetal weight and the antenatal detection of fetal growth restriction.
